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Introduction

Since the dawn of life on earth, organisms have directed the crystallization of inorganic ions
from solution to form minerals that meet specific biological needs. The resulting materials often
exhibit remarkable properties, making the processes involved in biomineralization of interest to a
wide array of scientific disciplines. From a geochemical standpoint, perhaps the most important
consequence is that CaCO, biomineral formation occurs in the oceans on such a large scale that it
influences many aspects of seawater chemistry and results in sequestration of carbon in the form of
carbonate sediments. In this manner, the products of biomineralization are preserved in the rock
record and serve as an extensive chronicle of the interplay between biota and the earth system
environment.

From the point of view of materials synthesis, biological control over epitaxy is an elegant
example of self-organization in complex molecular systems. Through selective introduction of
peptides and proteins,"® living organisms deterministically modify nucleation,” step kinetics,>™
surface morphologies,”"® and facet stabilities*”"!*to produce nanophase materials,' 6
topologically complex single-crystals,>*"” and multi-layer composites.***® The resulting materials
have biological functions as diverse as structural supports, porous filtration media, grinding and
cutting tools, lenses, gravity sensors and magnetic guidance systems. As Table I shows, calcium
carbonate minerals are ubiquitous amongst these biomineral structures. In addition , calcium
carbonate is a well studied material that is easily crystallized and has known solution chemistry.
Consequently, the calcium carbonate system provides an excellent model for investigating
biomineralization processes. Surprisingly, in spite of the identification of carbonate biogenesis as
a critical contributor to the carbon reservoir mediating climate change, and the enormous potential of
biomimetic synthesis for production of tailored, crystalline nano- and micro-structured materials,
the fundamental physical controls on carbonate biomineral formation remain poorly understood.

Carbonates are formed in diverse environments almost exclusively by living organisms".
These naturally occurring marine and fresh water minerals most commonly occur as the
polymorphs of calcite, aragonite and vaterite which are nucleated and grown in the exoskeletons and
tissues of marine and freshwater organisms ranging from simple bacteria and algae to crustaceans,
molluscs, or sponges. It is known that the soluble fraction associated with mineralizing parts of
organisms plays a primary role in crystal formation. In the formation of molluscan shells, this
fraction is distinguished by the common presence of aspartic acid rich amino acid mixtures.> 2
It is also known that carbonates exposed to different polyamino acids exhibit different crystal
habits.”""” Belcher et al. > showed that exposing growing CaCOj3 crystals alternately to solutions
containing polyanionic proteins associated with the aragonitic and calcitic layers of mollusc shells
led to sequential switching of the crystal structure of the newly grown material between that of
aragonite and calcite. Further work has demonstrated that these protein mixtures alter the
morphology of the calcite growth surface® and that they contain two fractions effecting growth: a
step-binding fraction that inhibits step advancement on calcite surfaces, and a surface binding
fraction that appears to lead to the subsequent nucleation of aragonite?® . Wierzbicki et al.?® found
that polyaspartate molecules (ASP,;) bind to calcite surfaces.* Finally, modeling of ASP,,



binding to calcite planes predicts large binding energies for well defined orientations. This and
related evidence shows that systematic relationships between crystal morphology and surface
interactions with the reactive groups of the organic molecules must exist. However, the interplay
between surface chemistry and the physical processes of nucleation and crystal growth are poorly
understood because, until recently , only ex sifu biochemical studies focusing on the effect of
changes in solution chemistry and/or surface stereo-chemistry on macroscopic crystal morphology
had been performed.

Table I. Materials produced and strategies employed in biomineralizing or biomimetic systems

Approarch Product Systems Materials
Nanoscale Clusters, Miccroemulsions CaCO,, Fe,O,
synthesis Nanoparticles Pt, Co, borides
Vesicles ZnS, Ag,0, AL, O,
MnOOH, FeS
Crystal Single crystals, Monolayers CaCoO,
engineering Shaped composites  Protein mixtures NaCl, CaCO,, BaSO,
Tublules Cu, Ni, Al,O,, Fe,0O,
Fibers Cu(Cl, CaCO,, Fe,0,
Polyanionic peptides CaCO,
Microstructural Mineral-polymer Collagen Ca-phosphates
fabrication composites. Polysiloxanes CaCO,, CaSiO,
Organized materials Monolayers Fe,O,
Cellulose CaCoO,

Over the course of this project, we have focused on obtaining a microscopic understanding
of the reaction mechanisms and physical controls on biomineralization, recognizing the fact that
mineralization is, above all. a thermodynamic phase transition. As such, rates of nucleation and
growth as well as the resulting crystal structure, surface morphology, and habit are controlled by the
the energetics and kinctics of adniolecules and steps on the crystal surface. Previous researchers
have primarily focused on the morphological effects of organic modifiers and there steriochemical
relationship to crystal structure. While understanding the stereochemistry is, undeniably, a vital step
towards building a picture of the process of biomineralization, combining this knowledge with an
understanding of the underlying physics is crucial to completing this picture and, moreover, to its
successful application to materials tcchnologies.

We began this project with a working hypothesis: Biomineralization of CaCO3 is
successful because functional groups on protein chains are able to provide preferential sites for
nucleation by changing the interfucial energies and are able to alter growth rates and surface
morphologies by selectively binding to kink sites on the CaCOj3 surface. In order to test that
hypothesis we used atomic force microscopy (AFM) to measure the energetic and kinetic factors
controlling the growth of calcite surfaces in both purc and acidic amino-acid bearing solutions. We
also used self-assembled monolayers to investigate the role of surface chemistry in calcite
nucleation. The attached publications review much of the work accomplished as part of this project.
“Reversed calcite growth morphologies induced by microscopic kinetics: Insight into
biomineralization” presents the results of kinetic studies on the pure calcite system. It contains the
first detailed measurements of calcite kinetic parameters and indicates that trace impurity levels can
lead to unexpected surface morphologies due to their anisotropic effect on step motion. “Kinetics
of calcite growth: Surface processes and relationships to macroscopic rate laws” uses the results
of our AFM investigations of the pure calcite system to link classical crystal growth theory with
popular chemical affinity-based rate laws derived from macroscopic studies of calcite
crystallization. “Thermodynamics of calcite growth: Baseline for understanding biomineral



formation” Describes our investigation of the thermodynamic state of the pure calcite surface and
shows our initial results on calcite with aspartic acid. This paper presents the first measurement of
the Gibbs-Thomson effect for steps on any crystal surface and uses the relationship between the
thermodynamic parameters and the morphology to derive a hypothesize about the mechanism of
aspartic acid modification of the surface. Results on calcite growth with chiral amino acids and
calcite nucleation on self-assembled monolayers are summarized below (Manuscript in
preparation).

Chirality dependent interaction between calcite and simple amino acids
The effect of glycine, aspartic acid and glutamic acid on step speed, critical length and
: - . growth hillock, etchpit and crystal

i % morphology was examined as a
function of amino acid chirality and
concentration. Addition of all
amino acids during growth, led to
stabilization of the (hk0) family of
planes. When the amino acid had a
chiral structure, the addition of pure
L-and D- forms resulted in
anisotropic expression of these
planes so that the resulting growth
hillock, etchpits and crystal
e ' - . . = morphologies displayed mirror
Fig. 1 - Growth hillock morphology with D- and symmetry about the glide plane of
L-aspartic acid calcite as shown for aspartic acid in

Figs. 1, 2 and 3. The addition of
glycine, an achiral molecule, or D
and L mixtures of aspartic and
glutamic acid, led to symmetric
forms as illustrated for glycine in
Fig. 4. Because the overall facet
shape exhibited the same shape as
the growth hillocks, we were able to
use the growth hillock geometry to
construct the modified Wullf
diagram for the orientational
dependence of the step edge energy
as shown in Fig. 5.

Fig. 2 - Etch pit morphology with D- and L-aspartic acid

For any site on one side of the glide plane, an equivalent site on the other side can be found
for which the geometric relationship with neighboring sites is related by mirror symmetry.
Furthermore, the geometrical relationship between a single functional group of the amino acid with
any single site on one side of the glide plane can be matched at the equivalent site on the other side.
Consequently, the results of this study show unequivocally that the interaction of the amino acid
with the calcite surface must involve both the chiral center of the amino acid (i.e., multiple groups)
and multiple sites on the calcite surface. Through crystallographic modelling we showed that the
differences between the geometrical relationship of L- and D-aspartic acids to the calcite {104}
surface were subtly different. indicating that the energetic changes needed to drive the system from
the D-induced to L-induced forms were small. This was consistent with the shallow character of
the minima in the Wullf plot of Fig. 5.

In an attempt to experimentally determine the structural relationship between the adsorbed
amino acid and the calcite surface, we recently performed in situ surface X-ray diffraction,
NEXAFS and FTIR on calcite {104} faces grown in the presence of aspartic acid. Despite the sub-




an adsorbed layer was observed. Because the AFM data
unequivocally show that such an interaction must exist,
our conclusion is that the aspartic acid is adsorbed to the
{hkO} faces, the same ones that are stabilized in the bulk
crystals and that make up the step riser of the growth
hillocks grown in the presence of aspartic acid. In a
related project, we are modeling the structure of an aspartic
acid adsorption layer on the {110} and {1-10} faces for
both the D and the L forms, and we are preparing samples
for optical and X-ray spectroscopy of those faces in
aspartic acid-bearing solutions to determine the structural
relationships between the crystal surface and the adsorbed
organic layer.

We showed that the addition of amino acids had
little effect on the step speeds for the two types of steps on
the calcite surface. In contrast, the terrace width (critical
length) varied continuously with increasing amino acid
concentration until, at high concentration, the well defined
step directions were lost as in Fig. 1. The results of this study demonstrate that the physical effect
of the amino acids on the growth of calcite is to alter the surface energetics and not the step kinetics.
In other words, modification of calcite by acidic amino acids is a thermodynamic effect, not kinetic .

D ASP L A SD monolayer resolution of these techniques, no evidence for

' 1g 3- nyvétal fnorphology
with D- and L-aspartic acid

Fig.5 -Wulff plot showing orientational dependence of step
edge energy for pure calcite and calcite with L-ASP. Solid
— " colored lines show real crystal shape. Dots show derived
Fig. 4 - Growth hillock morphol- step edge energy. Solid black lines are schematic in regions

ogy with D- and L-aspartic acid where crystal shape gives no information.

S

Nucleation of calcite on patterned self-assembled monolayers

A survey of biomineral structures quickly reveals that living organisms must control, with
high fidelity, the location, orientation and crystallographic phase of crystals during nucleation. In
order to explore the possibility that differences in surface functionality can be used to control these
factors, we prepared patterncd self-assembled monolayers (SAM) in which 10 pm square patches
of COOH terminated thiols were regularly placed amongst a methyl terminated background. We
chose COOH terminated templates because this chemical group is hypothysized to be the active
group on acidic amino acids that modifies calcite growth. As Fig. 6 shows,100% of all calcite
crystals nucleated on the COOH terminated patches. No calcite was found on the methyl
background. The results of Aizenberg et al., 1999, published shortly after we obtained these
results, showed that many different functional groups could be used to induce calcite nucleation




giving 100% control over both the location and the out of plane crystallographic orientation of the
crystals. Future work should focus on measuring the dependence of nucleation rate on
supersaturation in order to quantify the differences in the calcite/film interfacial energy for the
various functional groups.

Conclusion
The results of this study have advanced our

understanding of calcite biomineralization and suggest a
synthetic means of modifying growth. Our work on pure calcite
set a rigorous foundation for investigating the physical effects of
the organic fraction. The investigations of calcite growth in
simple amino acid bearing solutions and calcite nucleation on
carboxyl films showed that the major effect of the organic
compounds is to alter the surface and interfacial energies, leaving
the kinetics relatively unchanged. Our initial experiments with
calcite nucleation on organic templates shows that variations in
surface functionality can be used to control calcite growth

1 presumably through modifications of the interfacial energy.
Fig. 6 - Chemical force Taken in total, the results of this work demonstrate that control of

microscopy image of calcite calcite growth by organic fractions can be achieved with even
crystals nucleated on thiol self-  simple organic molecules and that the control mechanism is often
assembled monolayer. Light modification of the surface energetics resulting in a new

orange squares are COOH equilibrium thermodynamic state for the calcite system.

terminated. Dark background
is CH3 terminated.
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